Myelodysplastic syndromes and acute myeloid leukemia with an isodicentric X chromosome [idic(X)(q13)] occur in elderly women and frequently display ringed sideroblasts. Because of the rarity of idic(X)(q13), little is known about its formation, whether a fusion gene is generated, and patterns of additional aberrations. We here present an SNP array study of 14 idic(X)-positive myeloid malignancies, collected through an international collaborative effort. The breakpoints clustered in two regions of segmental duplications and were not in a gene, making dosage effects from the concurrent gain of Xpter-q13 and loss of Xq13-qter, rather than a fusion gene, the most likely pathogenetic outcome. Methylation analysis revealed involvement of the inactive X chromosomes in five cases and of the active in two. The ABCB7 gene, mutated in X-linked sideroblastic anemia and spinocerebellar ataxia, is in the deleted region, suggesting that loss of this gene underlies the frequent presence of ringed sideroblasts. Additional genetic abnormalities were present in 12/14 (86%), including partial uniparental disomies for 9p (one case) and 4q (two cases) associated with homozygous mutations of JAK2 and TET2, respectively. In total, TET2 mutations were seen in 4/11 (36%) analyzed cases, thus constituting a common secondary event in idic(X)-positive malignancies.
INTRODUCTION
An isodicentric X chromosome with breakpoints in Xq13-idic(X)(q13)-is a rare but recurrent abnormality in myeloid malignant disorders, with approximately 30 cases reported in the literature to date (1 -16) . Notably, all patients with idic(X)-positive neoplasia have been females-presumably because formation of idic(X)(q13) would result in nullisomy for Xq13-qter in males, which would be lethal for the cellswith a median age of 73.5 years at the time of diagnosis (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Most cases are myelodysplastic syndromes (MDS), but a number of acute myeloid leukemia (AML), usually secondary to MDS, has also been reported, as well as a few cases of myeloproliferative neoplasms (MPN) (1 -16). Dewald et al. (2) , who was the first to describe the idic(X)(q13) as a recurrent aberration in myeloid malignancies, suggested that it may be specifically associated with refractory anemia with ringed sideroblasts (RARS). Although it has subsequently become clear that far from all idic(X)-positive malignancies are of this MDS subtype, pathological iron accumulation is common also in non-RARS cases (8, 16) . The outcome of idic(X)-positive cases is variable; some investigators report aggressive and rapidly fatal disease and others a relatively favorable clinical course, with survival for several years despite the generally advanced age of the patients (2, 5, 6, 8, 16) .
In myeloid disorders with idic(X)(q13), this is frequently the only cytogenetic abnormality, albeit with one to three extra copies of the isodicentric chromosome being present in approximately half of the cases (1 -16) . One normal X chromosome is always retained. The exact breakpoints in Xq13 have never been defined, but two previous fluorescence in situ hybridization studies showed that a 400 kb region between the markers DXS1164 and DXS227 in Xq13 was targeted in the total of four MDS cases investigated (13, 14) . This region is enriched for repeated sequences, in particular LINE repeats, which may facilitate the formation of an isodicentric chromosome (13, 14) , and contains several genes. However, it is as yet unknown whether any of these are specifically targeted. Thus, the pathogenetic outcome of the idic(X)(q13) remains unknown; formation of a fusion gene, deregulation of a gene close to the breakpoint or dosage effects resulting from the concurrent gain of Xpter-q13 and loss of Xq13-qter are equally possible. The fact that idic(X)(q13) often occurs as the sole cytogenetic abnormality suggests that it may in itself be sufficient for leukemogenesis, although additional submicroscopic aberrations, arising prior to or after the isodicentric chromosome, cannot be excluded.
It is also not known whether the idic(X)(q13) arises via a translocation between two X chromosomes in a cell with trisomy X, between two different X chromatids or via sister chromatid fusion during the G2 phase of the cell cycle. Furthermore, it is unclear whether the abnormality involves the Figure 1 . SNP array data showing the X chromosomes in three cases. Top panels show log2 ratios along the X chromosome. Each dot represents the log2 ratio of one marker. A log2 ratio of zero corresponds to a normal, diploid copy number. Increased and decreased log2 ratios correspond to gained and deleted regions, respectively. Lower panels show B allele frequencies, which are calculated as signal intensity for allele B/(signal intensities for allele A þ allele B). Homozygous SNPs have a value of 0 or 1 and heterozygous SNPs a value of 0.5. (A) Case 4:1. A shift in log2 ratio is seen at Xq13, representing the concurrent gain of Xpter-q13 and hemizygous loss of Xq13-qter. The B allele frequencies change from values of 0.33 and 0.67, corresponding to three copies of Xpter-q13, to 0 and 1, corresponding to 1 copy of Xq13-qter, at the Xq13 breakpoint. These B allele frequency values show that there was a minimal contamination of normal cells in the sample. (B) Case 12. As above, shifts in the log2 ratio and B allele frequencies are seen at Xq13, corresponding to the idic(X)(q13) breakpoint. The B allele frequency values deviate from those observed in (A) because of normal cell contamination. (C) Case 11. Increased log2 ratios are seen in the gained region of X compared with (A) and (B) because of the extra copy of the isodicentric chromosome (Table 1) . This is also visible in the B allele frequency values of 0.25 and 0.75, respectively. The panels were extracted from the BeadStudio 3.1.3.0 software with Illumina Genome Viewer 3.2.9 (Illumina).
active or the inactive X chromosome (X a and X i , respectively). Dewald et al. (16) reported that the idic(X)(q13) appeared to be early-replicating in two cases and thus probably active, but only a few cells could be investigated. In contrast, Temperani et al. (6) found that the isodicentric X chromosome was late-replicating in both of their cases, suggesting involvement of the X i . Also Rack et al. (14) detected involvement of the X i , as evidenced by it being late-replicating as well as by methylation of the MAOA locus at Xp11.3 and expression levels of genes on the X chromosome. Thus, although results have been conflicting, available data seem to favor preferred involvement of the X i in idic(X)(q13).
In the present study, we have investigated a large cohort of idic(X)-positive myeloid malignancies, collected through an international collaborative effort. The aims of this study were 2-fold: firstly, to fine-map the breakpoints of the idic(X)(q13) to determine whether the aberration targets a specific gene in this region, and secondly, to identify any additional genetic abnormalities that may be of pathogenetic importance in these cases. Using SNP array and molecular analyses, we show that the breakpoints in idic(X)-positive cases cluster in two different regions of Xq13 that do not contain any genes, that either of the active and the inactive X chromosomes may be involved, and that TET2 mutations are frequently present.
RESULTS

SNP array analysis reveals two breakpoint clusters in idic(X)-positive cases
The idic(X)(q13) was visible as gain of Xpter-q13 and hemizygous loss of Xq13-qter in 11 of the 14 investigated cases (Figs 1 and 2; Table 2 ). The breakpoints clustered in two different regions in Xq13, at 70.8 -70.9 Mb (five cases) and 72.1 -72.3 Mb (six cases) (Fig. 2) . In none of the isodicentric chromosomes was the breakpoint in a gene. In case 6, two microdeletions were seen adjacent to the idic(X)(q13) breakpoint (Table 3) . For cases 5, 7 and 8, no copy number abnormalities could be seen on the X chromosome. For case 5, this could be due to normal cell contamination, whereas for cases 7 and 8, the idic(X)(q13) was only present in subclones (Table 1) .
SNP array analysis detects additional genetic abnormalities in idic(X)-positive cases
In addition to identifying the idic(X)(q13) breakpoints, SNP array analysis revealed a total of 18 other genetic abnormalities in 12 of the 14 cases (Table 3) . These comprised 10 hemizygous deletions, three gains and five pUPDs. The median number of additional changes per case was one (range 0 -5). The only aberration found in more than one case was pUPD for 4q21.21-qter, seen in cases 10 and 14. Acquired pUPDs are associated with JAK2 and TET2 mutations in idic(X)-positive cases
The SNP array analysis revealed pUPD for 25 Mb on 9p, including the JAK2 locus at 9p24, in case 8 ( Table 3) . Analysis of JAK2 showed homozygosity for the p.Val617Phe mutation. None of the other investigated cases carried this mutation. Furthermore, the SNP array analysis showed that cases 10 and 14 both harbored pUPD for 4q, including TET2 at 4q24 (Table 3) . Mutation analysis of TET2 showed that both of these cases carried homozygous mutations leading to a stop codon and an amino acid change in a conserved region of the gene, respectively (Table 4 ). In addition, cases 3 and 13 had heterozygous frame shift mutations in TET2 (Table 4) . Thus, TET2 mutations were detected in 4 (36%) of the 11 analyzed cases.
Either of the active and the inactive X chromosomes may be involved in the idic(X)(q13)
To determine whether the active or the inactive X was involved in idic(X)(q13), HUMARA analysis was performed, investigating the methylation status of the AR gene in Xq12 in the gained region of the isodicentric chromosome. Initially, semi-quantitative PCR was performed on genomic DNA to identify the microsatellite allele corresponding to the X chromosome involved in the idic(X)(q13) in each case (Fig. 3) . Subsequently, genomic DNA was digested with HpaII and again used for semiquantitative PCR. Because the sequence recognized by HpaII is protected by a methyl group on the inactive X chromosome, the digestion pattern revealed whether the Figure 3 . HUMARA analysis shows whether the idic(X)(q13) is active or not. The panels show size-separation of PCR products by capillary electrophoresis. The X axes show the sizes in base pairs and the Y axes the fluorescence activity. Each peak corresponds to one allele of the amplified microsatellite. Top panels: a polymorphic region from the human androgen receptor gene was amplified by semi-quantitative PCR. The amplified region in Xq12 is present in two copies in the isodicentric X chromosome, detectable as an increased peak height. Lower panels: during digestion with the methylation-specific restriction enzyme HpaII, alleles present on the active X chromosome will be digested whereas alleles present on the inactive X will be protected. idic(X)(q13) was active or not (Fig. 3) . Of the 12 cases studied, five were uninformative due to normal cell contamination (four cases) or homozygosity (one case). Of the seven informative cases, the X i was involved in five (71%) cases (#1, #3, #11, #13 and #14) and the X a in two (29%) cases (#6 and #8).
DISCUSSION
The breakpoints of the isodicentric X chromosome in myeloid malignancies have previously been mapped to an approximately 400 kb region, containing several possible target genes, in Xq13 (13, 14) . We investigated 11 cases with highresolution SNP array analysis and found evidence for two distinct breakpoint clusters, at approximately 70.9 Mb (five cases) and 72.1 Mb (seven cases) on the X chromosome (Fig. 2) . The latter of these was in the previously reported 400 kb region (13, 14) , which we could narrow down to 10 kb that encompassed all breakpoints except one (Table 2 ). However, none of the 11 breakpoints occurred in a gene, strongly indicating that the idic(X)(q13) does not result in the formation of a fusion gene. Instead, the functional outcome of the abnormality is more likely gene dosage effects due to the concurrent gain of Xpter-q13 and loss of Xq13-qter. Interestingly, both Xq13 breakpoint clusters were located in one of two large segmental duplications (UCSC Genome Browser, Human Chained Self Alignments track; http://genome .ucsc.edu/cgi-bin/hgTrackUi?g=chainSelf&hgsid=139789829) (Fig. 2) . Each of these segmental duplications contains inverted sequences with very high sequence similarities. It is highly likely that these repeats contributed to the formation of the idic(X)(q13), perhaps by facilitating sister chromatid exchange, similar to the underlying mechanism for isochromosome 17q-or rather idic (17)(p11)-in various hematologic malignancies and medulloblastomas (17) (18) (19) .
Based on the fact that idic(X)-positive myeloid disorders frequently display pathological ringed sideroblasts, Dewald et al. (16) speculated that the gene targeted by the idic(X)(q13) may be the same that is involved in X-linked sideroblastic anemia and spinocerebellar ataxia. The gene mutated in this disease has since been identified as ABCB7, which encodes a mitochondrial ATP-binding cassette iron transporter (20) . Interestingly, ABCB7 is located at 74.3 Mb in Xq13 and is hence always hemizygously deleted in idic(X)-positive cases. Recently, Boultwood et al. (21) showed that ABCB7 is underexpressed in RARS compared with other MDS subgroups and that decreasing expression levels were correlated with increasing percentages of ringed sideroblasts. Taking this into account, we suggest that the hemizygous deletion of ABCB7 resulting from the isodicentric chromosome is the underlying cause of the frequent presence of pathological ringed sideroblasts in myeloid malignancies with idic(X), in line with Dewald et al.'s (16) early hypothesis. This may particularly be true in cases where the isodicentric chromosome involves the X a .
Considering that the most likely pathogenetic outcome of the idic(X)(q13) is dosage effects, the activation status of the involved X chromosome becomes important. Previous data have favored preferential involvement of the X i in the idic(X)(q13) (6, 14, 16) . In the present study, the isodicentric chromosome was inactive in five cases and active in two. Hence, the idic(X)(q13) appears to be leukemogenic irrespective of X a or X i involvement. Whether there are clinical or morphological differences between these two groups is an interesting issue that remains to be addressed. For example, loss of ABCB7 may result in pathological iron accumulation only if the remaining normal X chromosome is inactive. Unfortunately, we could not test this hypothesis due to lack of clinical information in the two cases with confirmed involvement of the X a in the idic(X); no data on the possible presence of ringed sideroblasts were available. On the other hand, it is also possible that the pathogenetically important loci affected by the idic(X)(q13) are not subject to X inactivation, such as genes in the pseudoautosomal regions, or that the formation of the isodicentric chromosome leads to deregulation of the inactivation mechanism. In the latter scenario, it is noteworthy that the breakpoints in the idic(X)(q13) are 0.7 -2.2 Mb proximal of the XIST gene, which induces the inactivation of one of the X chromosomes. Hence, XIST is deleted. However, XIST expression is generally not needed for maintenance of X inactivation once it has been established (22) .
The SNP array analysis revealed chromosomal aberrations in addition to the idic(X)(q13) in most cases (79%) ( Table 3 ). The majority were hemizygous deletions, of which none were recurrent. Several regions of pUPDs were detected, in line with previous SNP array studies of AML, MDS and MPN (23, 24) . Interestingly, two cases harbored pUPD of 4q. Recently, the tumor suppressor gene TET2, located at 4q24, has been shown to be mutated in a large proportion of myeloid malignancies, sometimes in association with UPD for 4q (25 -27) . We therefore performed a mutation screening of this gene and found homozygous mutations in both cases with pUPD4q and heterozygous mutations in two additional cases, giving a total TET2 mutation frequency of 36% (4/11 cases; Table 4 ). Thus, inactivating mutations of TET2 is a common event in idic(X)-positive disorders. The mutations were present in one AML, two MDS and one chronic myelomonocytic leukemia (CMML), showing that Associated with gains and losses close to the breakpoint, see Table 3 .
clinically and morphologically different idic(X)-positive malignancies have common genetic features in addition to the isodicentric X chromosome.
In conclusion, we here show that the Xq13 breakpoints in myeloid disorders with idic(X)(q13) cluster in two close but separate regions and that they are not in a gene. The most likely pathogenetic outcome is hence gene dosage effects, possibly including the hemizygous deletion of ABCB7, which is associated with X-linked sideroblastic anemia and spinocerebellar ataxia. The vast majority of cases (12/14; 86%) harbor additional genetic abnormalities, most frequently copy number changes and mutations in TET2.
MATERIALS AND METHODS
Patients
The study included 14 patients with an idic(X)-positive myeloid malignant disorder (Table 1 ). All were females with a median age of 68 years at diagnosis (range 55-87 years). Six cases were AML, two were unclassified MDS, two were RARS, three were refractory anemia with excess blasts (RAEB) and one was a CMML. In 10 of the cases, the idic(X)(q13) was the only cytogenetic aberration (present in one or two copies). The only other recurrent abnormality was monosomy 7 (#4:2 and #8; Table 1 ). The study was reviewed and approved by the research ethics board at Lund University, and informed consent was obtained in accordance with the Declaration of Helsinki.
SNP array analysis
DNA was extracted according to standard methods from bone marrow samples acquired at diagnosis. For case 4, DNA was also extracted from a sample obtained 1 year after initial diagnosis. For SNP array analysis, the Illumina 1 M-duo bead Infinium BD BeadChip platform was used, containing 1.2 million markers with a median physical distance between markers of 1.5 kb (Illumina, San Diego, CA). SNP array analysis was done according to the manufacturer's instructions (Illumina) and data analysis was performed using the BeadStudio 3.1.3.0 software with Illumina Genome Viewer 3.2.9 (Illumina). Constitutional copy number polymorphisms were excluded based on comparison with the Database of Genomic Variants (http://projects.tcag .ca/variation/) (28) .
HUMARA assays
To investigate the methylation status of the isodicentric X chromosome, human androgen receptor gene AR (HUMARA) assays (29) were performed in all cases except #5 and #9, where no further material was available. To ascertain the methylation status, samples were digested with Two copies remaining in a trisomic region. HpaII before PCR amplification of the first exon of the AR gene, located in Xq12, using the forward primer 5 0 -HEX-CCGAGGAGCTTTCCAGAATC-3 0 and the reverse primer 5 0 -TACGATGGGCTTGGGGAGAA-3 0 . Undigested DNA was amplified using the same primers to detect gain of Xq12. All PCR products were size-separated using fragment analysis.
Mutation analyses of JAK2 and TET2
Screening for the p.Val617Phe mutation of JAK2 was performed with allele-specific PCR according to Baxter et al. (30) in all cases except #9, for which no material was available. For TET2 mutation status, all coding exons were analyzed by direct sequencing (25) in all cases except #5, #6 and #9, which were excluded due to lack of sufficient amounts of DNA. Sequence analysis and identification of mutations were done using the Mutation Surveyor software, version 3.23 (SoftGenetics, State College, PA).
